Type IVa pili are bacterial appendages involved in diverse physiological processes, including electron transfer in Geobacter sulfurreducens. ATP hydrolysis coupled with conformational changes powers the extension (PilB) and retraction (PilT) motors in the pilus machinery. We report the unliganded crystal structures of the core ATPase domain of PilB and PilT-4 from G. sulfurreducens at 3.1 and 2.6
Introduction
Geobacter sulfurreducens first isolated from low oxygen conditions of the river beds are well known for their ability to transfer electrons to extracellular metal ions (Fe (III), U (V), Mn (IV)) mediated by the metalliclike conductivity of their highly specialized Type IVa pili (T4aP) [1] [2] [3] . This conducting pilus also allows bacteria in interspecies and intraspecies electron transfer [4, 5] . The T4aP are the ubiquitous extracellular surface appendages present in bacteria. They play essential roles in several bacterial physiological functions including pathogenicity, twitching or gliding motility, phage and DNA uptake, adherence, electron transfer, and biofilm formation [3, [6] [7] [8] [9] . The extension and retraction of T4aP are controlled by two AAA+ (ATPases associated with diverse cellular activities) [10] family motor proteins, that is, PilB and PilT, respectively. These T4aP motors are capable of generating a very high force of about 100 pN that makes them of great interest in the field of molecular motors [11] . The overall structure of the T4aP machinery of Myxococcus xanthus and Thermus thermophilus was solved using cryo-tomography in both piliated and nonpiliated state [12, 13] . These tomograms along with gene deletion and bacterial two-hybrid system-based studies have helped in understanding the low resolution (~3-4 nm) molecular architecture of the complex T4aP machinery [11, 14, 15] . T4aP machinery is present at both poles of bacterial cells, and polar translocation of PilB and PilT causes extension and retraction of pili from one pole or the other thus producing twitching motility [16, 17] .
There are three PilB homologs (GSU1491, GSU2609, and GSU0435) and four PilT homologs, PilT1-T4 [18] (GSU0146, GSU0230, GSU0436, and GSU1492) present in G. sulfurreducens. PilB (GSU1491) and PilT-4 (GSU1492) are part of a T4aP operon and aids in extension and retraction, of pili [18] . Although the mechanism of ATP hydrolysis is well known, the poorly understood part is how ATP hydrolysis are co-ordinated across hexameric AAA+ ATPase motors? [19] Four different mechanisms have been proposed in the literature: a symmetric rotary mechanism, an asymmetric rotary mechanism, concerted catalysis, and stochastic mechanism [10, [20] [21] [22] [23] [24] . Based on the available structural studies a two-site binding model for both PilB and PilT has been proposed [25, 26] . According to this model, only two molecules of ATP bind two subunits of PilB or PilT in an open conformation leading to conformational changes followed by ATP hydrolysis and release of the phosphate ion. This ADP-bound state is referred to as the closed state. Further release of ADP brings protein subunits to the open state, thereby, ready to bind new ATP molecules. The process continues until all the hexameric molecules are not eliminated from their bound position on pilus machinery [25] [26] [27] [28] . But till date no in solution data are available that confirms this proposed mechanism. There are several other possibilities given that there are six subunits of PilB or PilT that can potentially bind ATP/ADP and the structures have been solved where subunits in the biological assembly are related by different symmetry elements suggesting the possibility of different mechanisms as well. So, detailed in solution and structural studies are essential to better understand how these robust motors work.
Here, in this study, we determined the crystal structures of PilB (core ATPase domain) and PilT-4 from G. sulfurreducens in their apo form at 3.1 and 2.6 A resolution, respectively. This is the first report where the crystal structures of both the retraction and extension motors from the same host have been determined. We have performed an extensive comparative structural analysis and report highly conserved and variable interactions during domain motions. 
Results
Sequence similarities and differences in the PilB and PilT-4
The binding of PilB and PilT to the T4aP machinery dictates whether the pilus will extend or retract, respectively. These motors share common features like ATPase activity, and interaction with PilC and PilM, so we were interested in looking at the sequence conservation. The alignment of ATPase motors shows the presence of highly conserved Walker A and B motifs, Asp box, His box, Arg fingers, and Glu395 (next to the Walker B motif, involved in co-ordinating water for hydrolysis of the c-phosphate of ATP) [19, 29] (Fig. 1 ). PilB and PilT-4 share 33% sequence conservation in the ATPase domain, suggesting that these motor proteins might have originated due to gene duplication and diversification. Several insertion/deletion mutations are conserved across PilB or PilT-4 homologs found in different species, suggesting these changes before speciation (Fig. 1) .
The PilB homologs also contain an N-terminal cdGbinding domain of~180 residues. While PilT homologs contain a highly conserved 'AIRNLIRE' motif which has been shown to play a role in twitching motility [30] . PilT-4 has a C-terminal extension of~20 residues which is a characteristic of all PilT from deltaproteobacteria. PilB and its homologs contain highly conserved tetracysteine Zn 2+ -binding motif [CXXC (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) )CXXC], and this motif is absent in retraction ATPase motors. The Zn 2+ binding is reported to enhance the ATPase activity in the type II secretion system [31] .
Crystal structure of PilT-4 ATP binding followed by hydrolysis and consequent exchange of nucleotides, that is, ADP to ATP, brings about the conformational rearrangements that power the molecular motors. To understand the molecular events involved in ATP hydrolysis, it is essential to solve the structures of these motors in the presence and absence of the binding ligands, that is, ATP/ADP. We solved the crystal structures of both PilB and PilT-4 at 3.1 and 2. 6 A resolution, respectively. No ligand, Fig. 1 . Multiple sequence alignment of ATPase-like domains of G. sulfurreducens PilB and PilT-4 with their homologs using T-Coffee server [62] . Walker A (red box); Walker B (red arrow); catalytic Glutamate (Blue arrow); His box (blue box); Asp box (plus); Arg fingers (triangle); Zinc-binding residues (black arrows); AIRNLIRE motif (magenta box).
that is, ATP or ADP was added in the protein sample or crystallization condition. The parameters for data collection and refinement statistics are given in Table 1 . PilT-4 crystallized in H32 space group with two molecules in an asymmetric unit, and the hexameric biological unit is formed by applying the threefold crystallographic symmetry. Crystal structure analysis and size exclusion chromatography data reveal that PilT-4 is a hexameric molecule (Fig. 2) . The N-terminal domain (NTD) Met1-Arg98 and C-terminal domain (CTD) Glu108-Ser353 of PilT-4 are connected via a nine-residue-long flexible linker. PilT-4 hexamer forms a ring-like structure with an outer diameter of~103 A and height of~62
A having a central pore with the broader opening of~46
A toward the N-terminal region and~28
A diameter at the C-terminal region (Fig. 3 ). This hexamer assembly has buried surface area of~21 911 A 2 corresponding to about 25% of the total surface area. Chain A and B have a total surface area of~17 850 A 2 while both chains A and B have buried surface area of~20%. The chain A and B superpose well with r.m.s.d. (root-mean-square deviation) of 0.228 A (Ca-atoms 330 out of 330). The crystal structure that we have solved corresponds to the ligand-free form of PilT-4 as we did not observe any density for intrinsically bound ATP or ADP.
The TEV (Tobacco Etch Virus) protease recognition (TPR) site played an essential role in the crystallization of PilT-4. Interestingly, no crystals were observed whenever we used TEV cleaved protein sample for setting up crystallization trials. When we solved the crystal structure, we found six intermolecular hydrogen bonds and several nonbonded contacts between TPR sites coming from two different hexamers. The linker region 'Ser Ala Ser Met' connecting PilT-4 and TPR site adopt Type IV b turn conformation (Fig. 2) . The C-terminal extension observed in PilT-4 adopts an a-helical structure (a15). This helix (Pro344-Ala352) forms hydrophobic interactions with the neighboring helices and is not involved in any intersubunit interactions.
Crystal structure of PilB
The PilB crystallized in the space group P4 3 2 1 2 with three molecules in an asymmetric unit. The hexameric biological unit is formed by applying a twofold crystallographic symmetry, the gel filtration chromatography also shows hexameric assembly (Fig. 2) . The crystallization trials were set up using full-length protein.
Interestingly, the N-terminal region (Met1-Asp180) annotated as N1D [32] , encompassing cdG-binding domain (Met1-Tyr142), is missing in this structure. Crystals appeared after about 5 months of setting up of the trials suggesting N-terminal region got proteolyzed in situ. A similar situation was observed in previously characterized PilB Gme structures as well [28] . While in PilB Tth , the N1D domain was removed to aid crystallization [27] . The ATPase domain of PilB consists of two domains, the second N-terminal domain (N2D) Glu179-Leu288 and C-terminal domain (CTD) Asp296-Asp568, respectively [32] connected by a seven-residue-long flexible linker. In PilB Gsu , a13 and a14 are placed on the inner line of the pore and provides the asymmetric appearance to the orifice (Fig. 2C) . The a15 and a16 are inserted between the co-ordinated metal ion domain (CMD) and strands b12 and b15 ( Fig. 2A) .
Residues Gly263-Aps267 in chain A and Gly264-Gln266 residues in chain B and C could not be resolved due to poor electron density. In the present structure, we have been able to resolve more residues compared to the previously reported structures. In chain A of PilB Gme , 12 residues are missing in the structure. In PilB Gsu structure, we could build 7 (K261, L262, S291-Q294, D568) out of those 12 residues in the equivalent chain pair. Similarly, in chain B we could build 6 (K261, L262, D289-N292) out of 10 residues that were not resolved in the equivalent chain pair. In chain C, we could build four (K262, L263, N292, L293) out of six missing residues in equivalent chain pair. The PilB Gsu ring has a length of~140 A and width of~71 A. The central pore has a maximum diameter of~57
A and the smallest diameter of~19
A. The central orifice resembles the dumbbell shape as reported earlier [28] with two subpores having a diameter of~23
A each (Fig. 3 ). All the structures of PilB solved so far have ligands present in their active site, but PilB Gsu does not contain ATP/ADP [27, 28] . Even in the absence of ATP/ADP, PilB Gsu forms a distorted hexamer with twofold symmetry as observed in the previously solved structures [25, 26, 32] . The hexamer has a total buried surface area of~15 020 A 2 which is~15% of the total surface area. The chains A, B, and C have a total surface area of 18 701,~18 486, and~19 305 A 2 and a buried surface area of~14.5%,~14.4%, and~13.3%, respectively. N2D and CTD domains in all the chains superpose well with r.m.s.d. < 0. 18 A. While there are significant r.m.s.d. differences among the three chains as seen upon superposition of the full-length chains A, B, and C, primarily due to domain motions (Fig. 4) . The surface electrostatics and ConSurf analysis [33, 34] revealed that PilT-4 Gsu and PilB Gsu have conserved and highly negatively charged pore (Fig. 3) . While the perimeter of the orifice is less conserved and highly positively charged.
Comparative structural analysis of PilB and PilT-4
The overall structures of PilB and PilT are grossly similar to the previously reported structures, but there are some significant variations as well. The PilB and PilT-4 adopt the characteristic AAA+ ATPase fold, which has also been observed for previously solved homologs [25, 26, 32, 35, 36] . The NTD forms a PAS domain-like structure [27] . The CTD contains ASCE (additional strand catalytic E) domain [37] . In this ASCE domain, the b-strand topology is b1b5b4b2b3 which slightly deviates from the canonical ASCE domain architecture having the b-strand arrangement of b5b1b4b3b2. But the critical residues adopt structurally equivalent positions as observed in the canonical ASCE domain. In both PilB and PilT-4, the core ASCE motif is extended by two large antiparallel b strands.
The NTD and CTD of PilT-4 Gsu superposes well with NTD and CTD from PilT Pae [25] and PilT Aae [26] with the r.m.s.d. of < 1.0 A (Fig. 4E,F) . In NTDPilT Pae there was about 6.3-A movement in the loop region connecting b5 and b6 compared to PilT-4 Gsu . The loop region connecting b3 and a2 is of similar length in PilT-4 Gsu and PilT Pae and superpose well, while there is three-residue insertion in PilT Aae resulting in large deviations in the loop conformation. The loop region connecting b12 and b13 is 7.3
A apart in CTD-PilT-4 Gsu and CTD-PilT Aae .
The N2D and CTD of PilB Gsu also superposes well with the N2D and CTD of PilB Tth and PilB Gme with r.m.s.d. difference of < 1.0 (Fig. 4C,D) . In PilB Gsu we did not observe any movement in the loop regions in either of N2D or CTD. But in CTD of PilB Gsu we have built an extra helix a7 that was distorted in PilB Tth .
Structural analysis shows the presence of three distinct conformational states in PilB and PilT
Our structural analysis revealed that individual domains superposed well to the known structures, but there were large deviations in the overall architecture suggesting large domain motions in the proteins (Fig. 4A,B) . These domain motions, mediated by ATP binding, hydrolysis, and ADP release, power the ATPase motors to perform their function. Since our structures represent apo form and differ from the previously solved structures (Movies S1 and S2), we performed domain motion analysis using DynDom server [38, 39] . Using PilB Gsu chain A as a reference, chain B and C have 21.3°and 66.8°rota-tions, respectively (Fig. 4) . Based on the existing literature [27, 28] and the fact that we observed all three chains having distinct domain motions, we hypothesized that PilB Gsu could adopt three different conformations, [25, 26, 28] .
DynDom [38, 39] analysis suggested no significant domain motion between the two chains of PilT-4 Gsu . Also, comparative analysis with the 2EWW [26] and 2EWV [26] suggested that all the chains adopt closed state conformation. In PilT Aae (PDB ID 2GSZ) [26] , chains B and E are in the open conformation while other remaining four chains (A, C, D, and F) are reportedly in closed conformation but our analysis suggests that these four subunits are in the open 0 conformation. There are two structures of PilT Pae in ligandbound form, that is, 3JVU and 3JVV [25] . Our analysis suggests that all subunits in these structures adopt open 0 state. Based on the domain motion analysis of individual chains in the previously solved structure using DynDom server and a relative comparison of their degree of rotation with individual chains of our structure, we have now reannotated all the solved structures of PilB Gsu and PilT-4 Gsu homologs (Table 2 ).
Interactions at subunit interface of PilB and PilT homo-hexamers
In the previously solved structures, the hexameric ATPase assembly has been shown to be stabilized by the interactions between the CTD of the nth molecule and the NTD of the (n + 1)th molecule. Similar interactions stabilize PilT-4 Gsu and PilB Gsu hexamers. In PilT-4 Gsu this interface is supported by 21 hydrogen bonds, five salt bridges, and several nonbonded interactions (Fig. 5B) . While in PilB, this interface is stabilized by 18 hydrogen bonds and 12 salt bridges and several nonbonded interactions (Fig. 5A ).
There are additional interactions observed between the CTDs of the nth and (n + 1)th subunits in both PilT-4 and PilB. In PilT-4, there are six hydrogen bonds involving (D161, H230, R240, and R278) residues of chain A and (T217, R195, Q252, and T221) residues of chain B and two salt bridges involving (D161 and H230) residues of chain A and (R195 and E220) residues of chain B and other nonbonded interactions at this domain-domain interface. This PilT structure is the first where such extensive network of CTD-CTD interactions has been observed in the closed state (Fig. 5D ). The CTD (n) :CTD (n+1) interface in PilB is stabilized by six hydrogen bonds involving (R201, K227, L230, T231, and E257) residues of chain A and (T149, E192, E217, D220, F221, and H242) residues of chain B, two salt bridges involving (R201 and K227) residues of chain A with residues (E192 and D220) of chain B and several nonbonded interactions (Fig. 5C ). CTD (n) :CTD (n+1) interface is comparatively weaker to facilitate the making and breaking of interactions during domain motion upon ligand binding and ATP hydrolysis.
Residues at the subunit interfaces are highly conserved
Comparative structural analysis revealed that in both PilT-4 and PilB the residues involved in the CTD (n) : NTD (n+1) interactions are highly conserved. In PilT-4, residue pairs involved in the interactions are D197-D18, H155-H20, Q196-H20, D197-H20, N175-T22, D197-R30, D199-R30, and Q176-Q89, and their structurally equivalent residues in PilB are D387-D201, N348-H203, Q386-H203, D387-H203, N364-E205, D387-R216, D389-R216, and Q365-T277. The residues involved in CTD (n) :CTD (n+1) interactions are also highly conserved. We observed six types of CTD ( [33, 34] of (E) PilB and (F) PilT4. PilB structure shows conserved residues in the PilC binding region while in PilT-4 these residue are buried due to closed conformation. Also, the protein-protein interaction interface residues are also highly conserved in both the proteins. [26] , open 0 (2GSZ chain F) [26] and closed (2EWW chain A) [26] states of subunits. The green arrows indicate the movement of helices upon conformational changes. (C) PilB N-term domain, (D) PilB C-term domain, is superimposed on the close structural homologs. The color scheme is as followed, PilB (Salmon), 5IT5 (Cyan) [27] , 5TSG (Orange) [28] . (E) PilT-4 N-term domain, (F) PilT-4 C-term domain, is superimposed on the close structural homologs. The color scheme is as followed, PilT-4 (Salmon), 3JVU (Cyan) [25] and 2GSZ (Orange) [26] . The differences in loop regions are highlighted in dotted circles for PilT.
Ligand binding induces structural changes and enhances thermal stability
To probe ligand-induced structural changes, we performed secondary and tertiary CD experiments for PilB Gsu and PilT-4 Gsu in the presence and absence of ligands (ATP and ADP). Ligand binding did not significantly alter the secondary structural contents of PilT-4 Gsu and PilB Gsu (Fig. 6A,D) . On the other hand, significant changes were observed in the tertiary structures upon ligand binding in both the proteins. While in PilB Gsu , the tertiary CD profile is comparable for ATP-and ADP-bound states, in PilT-4 Gsu all three patterns were quite distinct (Fig. 6B,E) . We also checked the thermal stability of the proteins in the presence and absence of ligands using fluorescence-based thermofluor assay. Apo-PilT-4 Gsu has T m of 60°C. However, binding of ATP and ADP increases T m by 7 and 9°C, respectively (Fig. 6F) . Similarly, in PilB, thermofluor assay showed 6 and 9°C increase in T m upon ATP and ADP binding, respectively (Fig. 6C) . On the other hand, binding of PilB to cdG resulted in only a marginal increase in T m by about 1°C (Fig. 6C) . These data suggest that extensive interactions with the ATP and ADP stabilize PilB and PilT-4 and also bring about significant changes in the tertiary structure without affecting secondary structural contents. We observed that PilT-4 Gsu and PilB Gsu have two highaffinity sites for binding AMP-PNP with K d of~18 and~26 lM, respectively. (Fig. 7A,C) for ADP measured in these experiments is about 13-fold higher compared to the PilB Tth obtained using fluorescence experiments [27] .
PilB Gsu and PilT-4 Gsu have slow phosphatase activity
We performed phosphate release assay to check ATPase activity of these motor proteins. We observe ATPase activity of these proteins, which was disrupted in the absence of Mg 2+ ions. (Fig. 7E,F) . It is reported in the literature that binding of PilC enhances the rate of ATP hydrolysis. But no such report exists for PilT, and we assume that binding of PilC may also stimulate ATPase activity of PilT as well. This makes sense as cells do not want to utilize ATP without performing useful work. So, it appears likely that these motors rapidly hydrolyze ATP when they are part of the pilus machinery. The N-terminal domain of PilB and its homolog MshE reportedly binds cdG and this binding has been proposed to play a role in reducing the ATPase activity [40] [41] [42] [43] [44] . So, to study the effect of cdG binding on ATPase activity and secondary structural changes, ATPase assay and far-UV CD were performed in the presence of cdG. There were no significant changes in secondary structures upon addition of cdG, and there was no substantial change in the ATPase activity of PilB as shown in Fig. 7F ,G.
Discussion
The PilB (extension) and PilT-4 (retraction) are AAA+ ATPases that help in assembly and disassembly, respectively, of T4aP using the energy obtained from ATP hydrolysis. These ATPases have been proposed to attain open and closed conformations upon ATP and ADP binding [26, 28] . Interestingly, in PilB Gsu crystal structure we did not observe any bound ligand, yet we were able to see three distinct conformational states. In literature, ATP/ADP-bound states, that is, open/closed conformation, have been interchangeably used [25] [26] [27] [28] (Fig. 8A) . Open, closed, and open 0 conformations are structurally equivalent to "ready/wide open," "active," and "release/resting" states, respectively [25, 26] . One of the exciting and significant findings of this study is that for the first time we have observed that subunits of PilB Gsu can attain all three conformational states while PilT-4 Gsu can adopt closed conformation even in the absence of bound ATP or ADP (Fig. 8A,B) .
On structural comparison, we observed various highly conserved interactions present in CTD (n) :NTD (n+1) and CTD (n) :CTD (n+1) interface of PilB and PilT homologs. The interactions between CTD (n) :CTD (n+1) were not observed in the previously solved PilT structures [25, 26] . We observed six different kinds of CTD (n) :CTD (n+1) interfaces upon structural comparison and out of them the open-closed interface is weakest among all and may facilitate the large conformational rearrangements upon ATP binding (Fig. 8A,B) . (Fig. 4) . However, we did not observe such large domain motions in our PilT-4 structure. So, we used previously solved PilT homolog (2GSZ_ChainA (Open), 2GSZ_ChainF (Open 0 ), and 2EWW (Closed)) [26] for comparative structural analysis and we observed rotations of~55. (Fig. 4) . Therefore, in both PilB and PilT, each cycle of open-closed-open transition causes an overall domain motion of about 60°. This change causes the rotation of PilB and PilT hexamer subpores and consequently of PilC by~60°. We performed widely used DynDom server to compute domain motions in PilB and PilT structures. However, considering limitations in using such computational tools and potential role of crystal contacts in stabilizing protein conformations in PilB Gsu and PilT-4 Gsu , other in solution experimental evidences are needed to study and establish conformational states of these motor proteins.
Previously, both counterclockwise and clockwise rotary mechanisms of PilB subpores have been proposed [27, 28] . Our structural analysis suggests that PilB Gsu and PilB Gme subpores rotate clockwise while PilB Tth subpore rotates counterclockwise, which is in agreement with the reports published by the individual groups. Similar structural analysis and existing domain motions, support counterclockwise rotation of PilT-4 subpores based on 2GSZ [26] as a model (Fig. 8C , Movies S3 and S4). Since there are reports of both right and left-handed pilus structures in literature, it is also possible that both clockwise and counterclockwise rotations exist for both PilB and PilT subpores based on the handedness of pili [45] [46] [47] [48] [49] [50] . We propose that clockwise rotary motion of PilB subpore may allow assembly of the right-handed pilus structure while counterclockwise rotation of PilB subpore may allow assembly of the left-handed pilus (Fig. 8D) .
One more observation that emerges from this structural analysis is the significant difference in the overall architecture of PilB Gsu and PilT-4 Gsu . PilB Gsu has at least two subunits, related by twofold symmetry, in the open state which creates a dumbbell-shaped pore in the center. While in PilT-4 Gsu all the subunits are in the closed state. ConSurf analysis [33, 34] (Fig. 3) suggests that in PilB Gsu open-state conformation exposes the conserved residues likely to be involved in binding PilC. While in the closed and open 0 state these conserved residues are not adequately exposed. In PilT-4 Gsu , these conserved residues are not exposed in any of the subunits. So, maybe ATP binding brings about the conformational changes that facilitate PilC binding to PilT-4. There is also a possibility that in crystal structures we have not been able to capture the other conformational states of PilT which may likely be present in the solution even in the absence of the bound ligands. The dimensions of the pores, involved in binding PilC, are comparable to the previously solved structures suggesting conservation of assembly and disassembly processes.
Using ITC experiments, we further show that both PilB Gsu and PilT-4 Gsu bind two ATP molecules with high affinity in solution. On the other hand, PilT-4 Gsu and PilB Gsu bind six and four ADP molecules with similar affinities. Considering high concentrations of ATP and ADP in a cell (3.5 mM ATP and 100 lM ADP in Escherichia coli) [51] and observed binding affinities in this study probably PilB Gsu will bind two molecules of ATP and four molecules of ADP. On the other hand, PilT-4 Gsu also bind two molecules of ATP and probably the other four sites may be occupied with ADP (Fig. 8C) . In tertiary CD experiments, the spectra of ATP-and ADP-bound PilB Gsu , and PilT-4 Gsu suggest the presence of domain motions upon ligand binding. Interestingly, in PilB Gsu , the ATP-and ADP-bound states were having similar tertiary CD profiles, while in PilT-4 Gsu the tertiary CD profiles of ATP-and ADP-bound structures were suggesting distinct conformational states in the presence of ATP/ ADP. Tertiary structural rearrangements upon ATP/ ADP binding were also reported in PilB Mxa [40] .
Recently, it was shown that P. aeruginosa asymmetrically deploys their T4aP at only one pole under nutrient-depleted conditions while under nutrientsupplemented conditions, it can symmetrically use their T4aP at both poles or not assemble pili at all [52] . This deployment of pili in response to nutrient conditions is controlled by the cdG-binding protein FimX. FimX reportedly interacts with PilB Pae and aids in its polar localization [53] . Interestingly, PilB Pae cannot bind cdG although the residues involved in ligand binding are conserved. The FimX homolog is absent in G. sulfurreducens. Therefore, it is likely that PilB Gsu may directly respond to the environmental cues mediated by cdG to facilitate T4aP assembly. Although, we did not observe any effect of the cdG binding on the rate of ATP hydrolysis we speculate it may affect ATP hydrolysis when PilB is a part of pilus machinery. It will be interesting to further study the role of cdGbinding domain in T4aP assembly.
To summarize, our data support the symmetric rotary mechanism of PilB Gsu and PilT-4 Gsu proteins with two ATP molecules binding at a time. PilB Gsu can directly bind ATP due to the presence of open-state conformation of two chains while PilT-4 Gsu opens up upon ligand binding. However, considering the differences in the handedness of pilus, it is likely that PilB and PilT motions are not always clockwise or counterclockwise, respectively. It is intuitive to propose that these two motors work in opposite directions to perform assembly and disassembly of the pilus. Future high-resolution studies aimed at resolving the pilus machinery in action will further help answer these exciting questions.
Materials and methods
Expression and purification of PilT-4 Gsu and PilB Gsu pilT-4 and pilB of G. sulfurreducens were amplified directly from genomic DNA using primers PilB- pET-Duet-pilB, and were incubated overnight at 37°C. The primary culture was prepared by inoculating a single colony in 10 mL LB media and incubated overnight with the constant shaking of 200 rpm at 37°C. Then, 1% of culture was inoculated in 750 mL of LB media. Protein expression was induced by adding 0.3 mM isopropyl b-D-1-thiogalactopyranoside (Gold Biotechnology) at OD 600~0 .6 and incubated at 16°C for 14-16 h with constant shaking at 200 rpm. Cells were harvested by centrifugation at 9000 g for 10 min. Pellet was then resuspended in 50 mL lysis buffer (20 mM HEPES pH 7.5, 150 mM NaCl for PilB and 20 mM Tris pH 8.0, 100 mM NaCl, 10% glycerol for PilT-4, Sigma-Aldrich, St. Louis, MO, USA) followed by sonication. Protease inhibitor cocktail tablets (Roche, Basel, Switzerland) were added to the lysis buffer before sonication. The supernatant was collected after centrifugation at 18 000 g for 45 min. The supernatant was passed over pre-equilibrated Ni-nitrilotriacetic acid resin (Thermo Fisher Scientific, Waltham, MA, USA) for binding, and then the resin was washed with 2 CV of lysis buffer, and protein was eluted with lysis buffer containing 200 and 500 mM Imidazole (Sigma-Aldrich). The protein was concentrated using centrifugal ultrafiltration devices and purified by gel filtration using Superdex 200 10/300 GL column (GE Healthcare, Chicago, IL, USA) as per the standard protocols recommended by the manufacturers. The desired elution fractions were pooled and concentrated using ultrafiltration centrifugal devices (Merck Millipore Corporation, Darmstadt, Germany). The purity and quality of the protein samples were analyzed using SDS/PAGE.
Crystallization and structure solution
For crystallization of PilT-4, 10, 7.5, and 5 mgÁmL À1 concentrations were used for setting up initial crystallization trials in three-well crystallization plates (Swissci, Hampton Research, Aliso Viejo, CA, USA) using commercial crystallization screens (Swissci, Hampton Research). The plates were incubated at 18°C. Initial hits were observed in various conditions on the next day of setting up the crystallization trials. The diffraction quality crystals were obtained using 1.0 M succinic acid pH 7.0 as a precipitant (SigmaAldrich). Diffraction data were collected at the National Institute of Immunology (NII, New Delhi). The PilB (8 mgÁmL
À1
) crystallization trials were set up using commercial crystallization screens using sitting drop method in 96 well two-drop plate (Swissci, Hampton Research) by mixing 1 lL of protein and 1 lL of the precipitant solution. Plates were incubated at 18°C. PilB crystals appeared after about 5 months in a condition containing 1 M succinic acid pH 7.0, 0.1 M HEPES pH 7.0, 1% w/v Polyethylene glycol monomethyl ether 2000. The X-ray diffraction data for PilB crystal were collected on beamline ID29 at the ESRF (Grenoble, France). A total of 1050 images were obtained. Each image was exposed for 0.08 seconds with 0.1°oscillation. Data were processed using iMosflm [54] and scaled using SCALA [55] . Both the structures were solved using molecular replacement by searching PilTPae (PDB ID 3JVU) [25] and PilBGme (PDB ID 5TSG) [28] as search models in PHASER [56] , respectively. The model was refined using PHENIX.REFINE [57] and Iterative rounds of the manual model building were carried out using COOT [58] . The final R/Rfree of PilT-4 and PilB structure are 19/ 23 and 21/24, respectively. There were no Ramachandran outliers in the build models. The data collection, processing, and refinement statistics are given in Table 1 .
Isothermal titration calorimetry (ITC)
ITC experiments were performed at 25°C to determine the K d , stoichiometry and thermodynamic parameters of ligand binding using MicroCal Auto-iTC 200 (Malvern Instruments Ltd., Malvern, UK). PilB was dialyzed against the buffer (20 mM HEPES pH 7.5, 150 mM NaCl, and 5 mM MgCl 2 ) (Sigma-Aldrich), and PilT-4 (20 mM HEPES pH 8.0, 100 mM NaCl, and 5 mM MgCl 2 ) (Sigma-Aldrich) using a dialysis membrane of 3500 Da MWCO (Thermo Fisher Scientific). Degassing was performed by centrifugation at 21 100 g in Fresco 21 centrifuge (Thermo Fisher Scientific) before the experiments. PilB-hexamer (15 lM; sample cell) was titrated with ligands (AMP-PNP (Sigma-Aldrich), ADP (Sigma-Aldrich), concentration 1.0 mM; syringe), PilB-hexamer (5.3 lM concentration; sample cell) was used, and PilT-4-hexamer (8.33 lM; sample cell) was titrated with ligands (ADP, AMP-PNP concentration 1.0 mM; syringe) with the constant stirring speed of 300 rpm. The injection volume and reference power were kept 0.4 lL and 5 lCalÁs À1 , respectively. The one-site model was used to analyze the protein-ligands binding for PilB and PilT-4. The binding isotherms were fit to determine apparent molar reaction enthalpy (DH), apparent entropy (DS), dissociation constant (K d ), and stoichiometry of binding (N). Control experiments were performed under same experimental conditions except that the ligand in the syringe was replaced with the buffer to calculate protein heat of dilution. In all the calculations, protein heat of dilution was subtracted from the data. The data were analyzed using ORIGIN 6.0 software suite (Origin Lab, Northampton, MA, USA).
Circular dichroism and thermal shift assay
Far-UV CD and near-UV CD were performed to estimate the changes in secondary and tertiary structures of the PilB and PilT-4, upon ligand binding, using Jasco J-815 CD instrument. Experiments were performed using 5 lM of PilT-4 and 1.5 lM of PilB protein sample diluted using Type 1 water. Secondary CD spectrum was measured from 190 to 250 nm wavelength range at 25°C after measuring blank. For CD in the presence of ATP (Sigma-Aldrich) and ADP, 50 lM of ligands were used, and protein was incubated with a ligand for 10 min before recording spectra. The final spectrum presented is the average of five accumulations. The data were analyzed using Origin 16 software. For far-UV CD, 170 lM of PilT-4 and 210 lM of PilB were utilized in the presence and absence of ligands (ATP and ADP), and concentrations of ADP and ATP were kept at ten times molar excess of protein. Three independent CD experiments were performed. Thermal shift assay was performed to determine the effect of ligand binding on the thermal stability of the PilT-4 and PilB, on the RT-PCR machine (StepOne TM System from Applied Biosystems) using sypro orange dye (SigmaAldrich). A 1.5-mL Protein stock solution having 5 lM final concentration was prepared and 1.5 lL of sypro orange (1000X) was added. Buffer alone was used as negative control. ATP and ADP were kept at concentration 1 mM while the final concentration of cdG (Sigma-Aldrich) was kept at 200 lM. Plates were then sealed using a sealing tape, and the heating cycle was performed from 20 to 95°C in increment of 1°C, and change in fluorescence was monitored. Thermal shift assays were performed twice.
ATPase assay
For malachite assay, reaction mixture containing 5 lM PilT-4 (20 mM Tris, pH 8.0, 100 mM NaCl, 10% glycerol, 5 mM MgCl 2 , and 1 mM ATP) (Sigma-Aldrich) or PilB (20 mM HEPES, pH 7.5, 150 mM NaCl, 5 mM MgCl 2 , and 1 mM ATP) (Sigma-Aldrich) were incubated at room temperature. After every 20 min, 30 lL of the sample (for each reading) was used to monitor Pi release in duplicate, and 200 lL of coloring agent (0.034% Malachite green hydrochloride (Sigma-Aldrich), 1 N HCl (Merck), 1.05% Ammonium molybdate, and 0.1% Triton X-100 (Sigma-Aldrich)) were added to the sample and allowed to incubate for 2 min. After that 25 lL of 34% sodium citrate (Sigma-Aldrich) was added to the reaction mixture and allowed to incubate for 25 min. Absorbance was measured at 650 nm. The reaction was monitored for 80 min, and BSA (Sigma-Aldrich) 5 lM was used as negative control. The phosphate released during the reaction was measured using standard curve prepared using KH 2 PO 4 (Sigma-Aldrich). To check the effect of cdG binding on ATPase activity of PilB 50 lM of cdG was added in the reaction mixture. ATPase activity was also performed without adding MgCl 2 (Sigma-Aldrich). For ATPase activity in the presence of ADP, 200 lM of ADP was added to the reaction mixture.
Structural analysis
PDBePISA [59] was used for surface area calculations and PDBsum [60] was used for analyzing subunit interactions. PyMOL (The PyMOL Molecular Graphics System, Version 2.0 Schr€ odinger, LLC.) was used for structural visualization, analysis, and making figures. DynDom [38, 39] was used for analyzing domain motions. The larger C-terminal domain of the motor proteins was fixed in DynDom [38, 39] while performing domain motion analysis. Multiple sequence alignment figures were made using Jalview software [61] and alignment was generated using T-Coffee web server [62] . Molecular videos were created using CHI-MERA [63] .
